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ABSTRACT
The browntail moth (BTM; Euproctis chrysorrhoea) is a non-native, invasive
species that has recently become a serious human health and environmental concern in
Maine. BTM caterpillars possess microscopic toxic hairs that cause a poison-ivy-like rash
on the skin and have been known to cause respiratory discomfort when inhaled. This
invasive species is an herbivorous insect that causes harm to its host tree through
defoliation during its larval life stage. BTM larvae weave overwintering webs on branch
tips, generally at the tops of hardwood trees. Due to their toxic hairs and where they
establish their overwintering webs, the species population is difficult to manage. Previous
research indicates that commercial insecticides containing terpenes, natural plant defensive
compounds, inhibit or kill BTM larvae. Many of the terpenes that have been tested are
present in various conifer tree species. Therefore, I investigated the influence of terpenes
from balsam fir (Abies balsamea), white pine (Pinus strobus), red spruce (Picea rubens),
and northern white cedar (Thuja occidentalis) on browntail moth larval feeding. These
conifer terpenes were extracted by means of steam distillation from needles and applied to
BTM larval food sources in a laboratory setting. This research project also analyzed the
terpene composition of the distillate samples by means of Gas Chromatography–Mass
Spectrometry analysis. Results showed that the concentration and methodology used to
evaluate conifer terpene distillates did not have a significant effect on the feeding habits of
BTM larvae.
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INTRODUCTION
Browntail Moth
Non-native forest insects can be problematic because they have the ability to
become invasive and have long-term negative effects in forest ecosystems. For example,
the emerald ash borer is a forest pest native to Asia that now threatens all species of ash
trees in the northeast United States and requires a large investment to repair the ecological
damage they are causing (Kovacs et al., 2010). With the absence of natural enemies, nonnative insect populations are able to rapidly rise and potentially outcompete native species
of a similar niche. Non-native herbaceous insects can also cause ecological damage to their
host species since that host may not have any previously formed defense mechanisms
against the pest (Wilson et al., 2018). Insects that have substantial negative ecological
effects, whether they are native or non-native, are considered invasive, and often require
immense economic costs in order to control their population and repair the damage they
cause (Bradshaw et al., 2016).
The browntail moth (BTM), Euproctis chrysorrhoea (Linnaeus) (Lepidoptera:
Erebidae) is an invasive species that is native to Europe but was accidentally introduced to
North America in the late 1800’s. During its initial introduction to Boston, Massachusetts,
BTM populations rose considerably while spreading throughout New England to parts of
Canada, peaked in 1915, and then declined, staying restricted to northeast coastal habitats
(Elkinton et al., 2006). While some forest insects are wood borers and damage wood tissue,
BTM are folivores meaning they feed on leaf tissue and can defoliate their host. This
defoliation is concerning when repeated for multiple years because it will impact the trees
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ability to properly photosynthesize and consequently will result in health decline or death
(Whisson et al., 2018).
Knowledge of the life cycle of BTM is necessary to be able control their population
because different life stages may have different vulnerabilities. Mated females lay one egg
mass on the underside of a host tree leaf, which then becomes the host of the larvae once
they hatch. When larvae emerge in late summer, they feed as communities, creating their
communal overwintering nests in the meantime (Figure 1). Between emerging from their
egg mass and entering winter dormancy the larvae typically molt three times and it is
believed that they develop their toxic hairs after the third molt (Schaefer, 1974). After
feeding for about 2 months, the larvae enter their webs to initiate diapause (i.e., winter
dormancy) (Frago et al., 2011). After diapause BTM larvae emerge the following spring,
and continue feeding on the host tree(s), or a new host if food is limited, until they pupate
in early-summer for one month before becoming adults (Frago et al., 2011). BTM has one
generation per year with biannual feedings in the larval stages that occur before and after
diapause.
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Figure 1: Browntail Moth Web– on a crabapple tree from the Westgate Center for Health & Rehabilitation
in Bangor, ME

BTM overwintering webs are typically found at the tips of many hardwood tree
species; some specific genera that have fallen victim to this pest are oak (Quercus), cherry
(Prunus), rose (Rosa), and blackberry (Rubus) (Schaefer, 1974). There are no known
pathogens that BTM transmit to their host but repeated defoliation can be detrimental to
the health of the tree (Schaefer, 1974). BTM populations have been on the rise in Maine,
primarily along the coast, since 2015, with many hardwood trees presently suffering from
this pest.
Along with previously described ecological concerns, BTM creates a concern for
the health of Maine residents who have experienced these pests firsthand (Center for
Disease Control and Prevention [CDC], 2021). Their toxic hairs normally cause a skin rash,
but they can also cause itchy eyes and respiratory issues if accidently inhaled (CDC, 2021).
3

The negative effects of these microscopic hairs have become a reason for Maine residents
to avoid spending time outdoors (Curtis, 2019). In addition to the toxic hairs being invisible
to the naked eye, they can remain in the environment for years, long after the BTM larvae
are gone (CDC, 2021). It is because of this dangerous combination that Maine residents
who take all the necessary precautions can end up obtaining the rash regardless. A recent
Bangor Daily News article described a Lincolnville, ME resident who obtained the rash
even after arming herself in a suit with gloves, goggles, and a full-face mask (Maine Public
staff, 2019). Unfortunately, someone does not need to be in direct contact with the
caterpillars to be exposed to the hairs.
Control of BTM is challenging because there is a risk of being exposed to the toxic
hairs and their nests are typically too high in trees to reach without equipment (Groden et
al., 2020). Currently, the recommendation by the state of Maine for management of this
pest is to clip down the webs during the winter, while they are in diapause, and destroy
them (Board of Pesticides Control, 2016). This is a labor-intensive management strategy
that is not necessarily a guarantee of reduced symptoms unless large, continuous areas are
managed. Because BTM has not been studied in depth for nearly a century, most of the
pesticides that are being used are commercially available broad-spectrum pesticides that
can kill a variety of insects rather than specifically targeting BTM. In studies conducted by
the University of Maine BTM research group there were a few approved substances that,
when directly applied to BTM winter webs, resulted in a reduction in caterpillar
reemergence. Two of those substances were Orange Guard® and Essentria®. Orange
Guard® is a commercially available solution composed primarily of d-limonene and
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Essentria® contains mostly rosemary oil along with geraniol and peppermint (Groden et
al., 2020).
Conifer Terpenes
Orange Guard® and Essentria® both contain terpenes derived from plant material.
Terpenes are volatile organic compounds (VOCs) meaning they have a low molecular
weight and vaporize at relatively low temperatures (Kesselmeier & Staudt, 1999). Because
of this, they will readily vaporize when heated and can therefore be extracted from foliage
using steam distillation (Bertaud et al., 2017). VOCs released by plants are secondary
metabolites which function primarily as a defense mechanism against herbivory but
humans often interpret them as strong fragrances (Kopaczyk et al., 2020). There have been
a number of research projects that have shown that terpenes can be used as effective
pesticides (e.g., Erler et al., 2006). Both Orange Guard® and Essentria® contain a blend
of monoterpenes including α-pinene, β-pinene, camphene, p-cymene, limonene, and bornyl
acetate. Other research produced encouraging results from testing the impact of plant
terpenes on BTM by directly applying oregano essential oil onto the caterpillars (Erler &
Cetin, 2009). Plant terpenes have a noticeably negative impact on BTM and they are
believed to be better for human health when compared to conventional chemical pesticides
(Erler & Cetin, 2009).
An observation by a researcher with the University of Maine BTM research project
noticed that in a forest area heavily infested with BTM nests, there were a few oak trees
near a damaged balsam fir (Abies balsamea) tree that showed no signs of BTM infestation.
However, somewhat further away from the damaged balsam fir there were hardwood trees
that did have BTM winter webs. This led to the hypothesis that the volatile terpenes emitted
5

from the damaged balsam tree may deter either BTM feeding or oviposition. If they are
found to be an effective deterrent, terpenes from balsam fir foliage, and potentially other
conifer species, could be used as a pesticide to manage BTM.
The goal of this project was to investigate the use of conifer terpenes as deterrents
of BTM feeding. Specifically, I analyzed the monoterpene composition from the foliage of
four conifer tree species, and tested the effect of the terpenes on feeding by BTM larvae. If
conifer terpenes were a deterrent, a decrease in feeding on suitable host leaves (e.g., oaks
and apple) would be expected when terpenes were applied topically. If there were
significant differences in the BTM feeding between terpene treatment, then there would
likely be differences in terpene compositions of balsam fir, northern white cedar, red
spruce, and white pine.
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METHODS
Conifer Sample Collection
Along with balsam fir, this project also evaluated the terpenes associated with white
pine (Pinus strobus), red spruce (Picea rubens), and northern white cedar (Thuja
occidentalis). Northern white cedar was chosen because it contains the monoterpene βthujone which is another plant VOC that has a known effectivity when used as a pesticide
(Szołyga et al., 2014). White pine and red spruce were chosen because both of these species
are widespread in Maine and therefore an available resource. At approximately 8 am, and
over the course of four days, fresh samples of the four conifers were collected at the
University of Maine Forest during summer. Samples were collected at the same time each
day because research has indicated that the terpene profile of conifer trees fluctuates
depending on numerous biotic factors such as the time of day, humidity, or temperature
(Kopaczyk et al., 2020). Samples were collected from adolescent trees that were each
roughly 7-10 feet tall. For each species, foliage from the lower branches of 3-4 different
trees were pruned, put into a large garbage bag, and labeled. Steam distillation was
performed on the same day that foliage collections occurred.
Terpene Extraction by Steam Distillation
The steam distillation apparatus used for this experiment was a simple distillation
apparatus (Figure 2). For each conifer species, one combined distillate sample was made
from two simple steam distillation apparatuses. A mixture of 200 grams (g) of conifer
foliage (Figure 3), either stripped by hand or cut from the collected branches, and 1 liter
(L) of distilled water were combined in a blender for about 30 seconds and then added to a
7

2-L round-bottom flask. For the second apparatus, an identical mixture was blended and
added to a different 2-L round-bottom flask. The two steam distillations ran for 3 hours, or
until 250 milliliters (mL) of distillate was collected per apparatus, while monitoring the
thermometer to assure the temperature stayed just under 100°C. After the steam distillation
was complete, the two distillates were combined in a 500-mL stoppered glass bottle,
labeled, and refrigerated. This process was repeated for northern white cedar, red spruce,
and white pine resulting in four 500 mL distillates.

Figure 2: Simple Steam Distillation Apparatus
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Figure 3: Foliage Samples of Experimental Conifer Species

Larval Feeding Experimental Setup
On September 11, 2020, 20 browntail moth nests were clipped from their host trees
at the Westgate Center for Health & Rehabilitation in Bangor, ME. Each nest was placed
in a bag and labeled with the name of the tree host species. For every tree species from
which a nest was collected, some additional foliage was collected and stored in water to
replenish the food source of the larvae throughout the experiment. The bagged samples
were transported to the University of Maine and the treatment cups were assembled that
same day. Samples were collected from six different host species: I) northern red oak
(Quercus rubra), II) black cherry (Prunus serotina), III) crabapple (Malus sp.), IV) white
oak (Q. alba), V) American elm (Ulmus americana), and VI) an unknown apple (Malus
sp.) (Table 1). Each nest was then assigned to a conifer terpene or control (no terpene)
treatment using randomized stratification to avoid having overrepresentation of host type
within each treatment.
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Table 1: Experimental Nests Collected– with number of nests assigned per host and treatment type

Number of Nests
Assigned
Treatment
Control

northern
red oak
2

black
cherry
–

crabapple
1

white
oak
–

American
elm
–

unknown
apple
1

Balsam Fir

1

1

1

1

–

–

N.W.
Cedar
Red

1

–

1

1

1

–

1

1

1

1

–

–

White Pine

2

1

1

–

–

–

Total

7

3

5

3

1

1

Spruce

Trials were set up in individual plastic cups that had dome lids with a small hole in
the middle. Cups were labeled with the treatment type and a replicate number (Figure 4).
Before putting a nest into the cup, all green foliage on the same branch as the nest was
removed to assure feeding only occurred on the treated leaf. Next, a leaf from the same tree
species as that containing the nest was sprayed with approximately 2 mL of the
corresponding treatment, left to dry, and weighed. The leaf was put into the experimental
cup with the nest, the lid was put on, covered with three layers of cheesecloth, and secured
with a rubber band. The five treatment types were spread out around the laboratory to avoid
any potential cross contamination from the volatile terpenes.
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Figure 4: Experimental Setup of White Pine Treatment

Larval Feeding Data Collection and Analysis
Each cup was observed every 24 hours for 10 days to record an estimated percent
of leaf eaten per day (in 5% increments). If the leaf had 80% or more eaten within 24 hours,
a new leaf was sprayed, weighed, and placed into the cup to ensure the larvae had enough
food. After 10 days, the nests were transferred to individual labeled plastic bags and put in
the freezer for storage. Over the next couple of months, each nest was counted to determine
the total number of caterpillars per nest. The average mass eaten per caterpillar per nest
was determined by dividing the total leaf mass eaten per nest by the total number of larvae
in the nest for all 20 nests. A sample calculation can be found in Appendix A. An ANOVA
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test was conducted in R and compared the average mass eaten per larvae per cup between
the five different treatments (R Core Team, 2020).
GC–MS Analysis
The process used to analyze the terpene composition of the conifer sample
distillates was Gas Chromatography– Mass Spectrometry (GC-MS) which is known to
yield reliable results in regards to qualitative and quantitative analysis of terpenoids
(Witte, 1986). In a gas chromatograph, complex mixtures of compounds can be separated
by vaporizing the sample with heat at the injection port and flowing the sample vapors
with a carrier gas through a very long capillary column that is coated on the inside with a
stationary phase. Depending on their structures, the molecules interact differently with
the stationary phase and are slowed to different degrees, thereby separating the
components. At the end of column, the molecules enter the mass spectrometer where
they are fragmented and ionized. The ions are separated by their charge-to-mass ratio
and detected. Using the fragmentation pattern and the total mass obtained using the mass
spectrometer’s software, a mass spectrum is produced for each component and the
probable identity of the molecules can be determined. To confirm the assumed compound
identities, the GC retention times and the mass spectral data of the unknown samples are
compared with known standard compounds. In general, monoterpenes have low boiling
points and are very similar in their physical and chemical properties so the combination
of GC and MS is the ideal analysis technique for plant terpenes.
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Equipment and Software Setup
The specific method used for monoterpene analysis was based on one used
previously in our lab. GC-MS analysis was performed on an Agilent 6850 network GC
system with an automatic injector coupled to an Agilent 5975B VL mass selective
detector (Waldbronn, Germany). The injection mode was splitless which means the split
vent was closed, and the volume of sample injected was 1 µL. The inlet temperature was
250 °C and the carrier gas was helium that was set to flow through the column at 1
mL/min at an inlet pressure of 8.13 psi. The instrument was equipped with a Zebron
ZB5-MS capillary column of 0.25 µm film thickness, 250 µm diameter and 30 m length
(Phenomenex, Torrance, CA). The oven temperature was set to start at 40 °C with a 5minute hold time and a ramp rate of 5 °C/min until the oven temperature reached 230 °C.
The total run time was 48 minutes.
The mass selective detector was set to detect a mass range of 50-550 m/z with a
threshold of 50 m/z and a 4.0-minute solvent delay. The electron multiplier (EM) voltage
was 1411 volts and the temperatures of the MS source and quadrupole were maintained
according to the manufacturer’s recommendation at 230 °C and 150 °C, respectively. The
analysis software generated three data sets: a total ion chromatogram, a selective ion
chromatogram, and the mass fragment graphs.
Preparing the Distillate Samples
To separate the terpenes from the aqueous distillate and prepare the samples for
GC-MS analysis, a liquid-liquid extraction was performed. In a large separatory funnel, 20
mL of distillate was combined with 20 mL of hexanes, a mixture of hexane isomers that is
a non-polar solvent that is immiscible with water. Because the terpenes have high solubility
13

in hexanes, they partition into the hexanes, allowing for their removal from the aqueous
layer. In addition, hexanes did not co-elute with terpenes in the stock solutions and distillate
samples and this solvent was compatible with the Zebron ZB-Wax column used for this
project’s GC-MS analysis. This mixture was shaken and vented 4-5 times using the
stopcock, and then left on a ring stand to settle for 1 minute while the hexane and water
layers separated. The bottom water layer was drained into a small flask and the upper
hexane layer was drained into a 100-mL beaker. The water layer was put back into the
separatory funnel along with a fresh 20 mL of hexanes. The shake, vent, and drain process
was repeated a second and third time while accumulating all three hexane layers in the
same 100 mL beaker for a total of 60 mL of hexanes. In order to remove any remaining
water, about 5 g of anhydrous sodium sulfate were added to the hexanes beaker and then
filtered out using a funnel and filter paper. Using a micropipette, 750 microliters (µL) of
the terpene hexanes solution and 250 µL of the external standard (α-humulene) were put
into a 2-mL sample vial with a rubber septum cap and loaded into the GC-MS automatic
sampler. The external standard is added to minimize errors caused by slight differences in
sample injection size. The external standard required a molecular structure similar to that
of a conifer terpene by having alkenes, the compound should not be found in nature/ conifer
foliage, and the retention time should not interfere with the retention times on the sample.
A ratio of chromatographic peak areas of the analyte and external standard is used instead
of the absolute peak area of the analyte.

Molecular structures and experimental

chromatograms for hexanes and α -humulene, the solvent and external standard,
respectively, can be found in Appendix B.
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Preparing the Stock Solutions
Standard stock solutions, in hexanes, were prepared for each of the following
terpenes: α-pinene, 3-careen, (-)-bornyl acetate, (1S)-(-)-β-pinene, p-cymene, (S)-(-)limonene, (+)-camphene, (-)-camphor, and (-)-α-thujone. These specific terpenes were
chosen due to their predetermined presence in the conifer distillates as well as their
availability in the laboratory. Using a 100-mL volumetric flask, the terpene volumes (Table
2) were dissolved in hexanes with a final total volume of 100 mL. The desired
concentration for each terpene in the stock solution was about 1000 µg/mL. Using the
terpene densities and the volumes added from Table 2, the concentration of each terpene
in the stock solution could be determined. A serial dilution was performed by taking 5.00
mL of the stock solution and diluting it with 5.00 mL of hexanes to create half of the
original concentration. This dilution was repeated using 5.00 mL of the new concentration
and 5.00 mL of hexanes. The serial dilution was repeated until there was a total of 9 stock
solutions that exponentially decreased in concentration. Appendix A shows an example of
how the terpene concentrations were determined and how the concentration of each stock
solution dilution was calculated. Using a micropipette, 750 µL of the first stock solution
and 250 µL of the external standard (α -humulene) were put into a 2-mL sample vial and
loaded into the GC-MS automatic sampler. This was repeated for the other 8 stock
concentrations resulting in nine 2-mL sample vials.
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Table 2: Terpenes Added to Stock Solution– densities, volumes/masses added, and concentrations in
undiluted stock solution

Terpene
α-pinene

Density
(g/mL)
0.855

Volume
Added (µL)
115

Mass
Added (g)
–

Concentration
(µg/mL)
983.25

3-careen

0.859

115

–

987.85

(1S)-(-)-β-pinene

0.860
0.844

115
120

p-cymene

0.867

(S)-(-)-limonene

(-)-bornyl acetate

–
–

989.00
1012.80

115

–

997.05

0.986

100

–

986.00

(+)-camphene

0.842

–

0.10

1000.00

(-)-camphor

0.990

–

0.10

1000.00

(-)-α-thujone

0.914

110

1005.40

Creating a Calibration Curve
For each stock solution dilution, a chromatogram was obtained by GC-MS analysis
for a total of 9 chromatograms. The software also generated the peak area for each terpene
in each chromatogram. Using these chromatograms, a calibration curve for each terpene
was constructed by creating a peak area ratio of the terpene and external standard within
each stock dilution. An example of the calculation process for finding peak area ratio is
shown in Appendix A. The peak area ratio was determined for each of the 9 terpenes in all
9 stock solution samples. The calibration curve is graphed as peak area over terpene
concentration and the trend line equation was used to determine the concentration of each
terpene in the distillate samples. Using the terpene concentration, the mass of each terpene
in each 500 mL distillate was calculated. An example of this calculation and the
chromatograms for the stock solutions and distillate samples can be found in Appendix A,
along with the molecular structure, density, and boiling point of each terpene.
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RESULTS
Larval Feeding
One control sample and one red spruce sample were removed from data analysis
due to complete inactivity during the study. This left three samples for both the control and
red spruce treatments and four samples for the other three treatments (northern white cedar,
balsam fir, and white pine).
The range for the number of larvae per nest across all treatments was 79– 595 larvae
with the smallest nest in the northern white cedar treatment and the largest nest in the white
pine treatment (Table 3). The range of average mass eaten per larvae was 0.059 mg – 5.763
mg with the least mass eaten in the red spruce treatment and the most mass eaten in the
white pine treatment (Figure 5). The ANOVA test comparing the average mass eaten per
larvae per nest found that there was no statistically significant difference in the amount of
leaf mass eaten per caterpillar among the five treatments (p = 0.276).
Feeding was witnessed for the control and all terpene treatments at the onset of the
study, but practically halted after five days. Most nests, except those associated with the
pine treatment, reduced feeding by day 2 or 3 (Figure 6).
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Figure 5: Average Leaf Mass Eaten per Larvae per Nest– between the five experimental treatments

Figure 6: Average Leaf Mass Eaten per Larva per Nest per Treatment Over Time
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There was a noticeable difference in nest size distribution among the experimental
treatments (Table 3) and a similar difference in average mass eaten per larvae (Table 4).
The two most highly populated nests, and the nest with the most leaf mass eaten per larvae
were all in the white pine treatment (Tables 3 and 4), which was found to only have
significantly more larvae than those with the cedar treatment (p = 0.029). Linear regression
found that the number of caterpillars per nest was significantly correlated to the mass eaten
per larvae (p < 0.001; Figure 7). Caterpillars in nests with a high density of larvae ended
up eating more than caterpillars in nests with fewer larvae.
Table 3: Distribution of Nest Sizes Among all Sample Replicates– with the two highest nest populations
highlighted in green and the lowest nest populations highlighted in orange

Number of Larvae
Sample #

Control

Balsam Fir

N.W.

Red Spruce

Cedar

White
Pine

1

538

213

313

194

595

2

179

287

79

387

586

3

468

228

231

216

415

4

–

354

152

–

344

Table 4: Distribution of Mass Eaten per Larvae Among all Sample Replicates– with the largest amount
eaten highlighted in green and the smallest amount eaten highlighted in orange

Average Leaf Mass Eaten per Larvae (mg)
Sample #

Control

Balsam Fir

N.W.

Red Spruce

Cedar

White
Pine

1

0.959

0.082

0.882

0.064

2.141

2

4.559

2.415

1.215

1.305

5.763

3

2.009

0.059

0.728

1.134

5.263

4

–

0.487

1.589

–

0.118
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Figure 7: Linear Regression– between the number of larvae per nest and the leaf mass eaten per larvae

GC–MS Analysis
When preparing the foliage and water mixture for steam distillation, it was observed
that the needle lengths varied between species and this resulted in different mixture
consistencies. The white pine needles were about 4 inches long, the balsam fir needles were
about 1 inch long, the red spruce needles were about 0.5 inches long, and the northern white
cedar needles were about 0.25 inches long. The terpenes found in analysis of the sample
distillates were α-pinene, 3-carene, (-)-bornyl acetate, (1S)-(-)-β-pinene, p-cymene, (S)-()-limonene, (+)-camphene, (-)-camphor, and (-)-α-thujone (Table 5).
According to the GC-MS analysis, the white pine sample had terpene
concentrations that were too low to be detected (Figure 8). When compared to the relative
abundance of the terpenes in the other three sample distillate chromatograms (Fig. 9, 10,
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and 11), it is clear that only a negligible terpene content was extracted from the white pine
sample used in this study. The monoterpene p-cymene had a negligible concentration in all
distillate samples and was disregarded from data analysis.

Figure 8: White Pine Sample Chromatogram–with labeled external standard peak with a relative abundance
of about 5x106 at a retention time of 22.1 minutes

The peak areas for each terpene and the external standard in each distillate sample
were provided by the GC-MS software and used to determine the peak area ratio (Appendix
A). Using the peak ratio and the corresponding trend line equation (Fig. 12), the terpene
concentration was determined. This was used to calculate the concentration of each terpene
in the sample distillate (Table 5). For the sake of clarity and consistency, the concentrations
the different terpenes were put in terms of microliter (µL) per 500 mL (500,000 microliters)
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of conifer distillate. Individual terpene calibration curves depicting the trend line and trend
line equation can be found in Appendix C.
Shown below in Figures 9, 10, and 11 are the chromatograms for the balsam fir,
northern white cedar, and red spruce sample distillates, respectively. These chromatograms
display the relative abundance of each terpene within the sample distillate. The relative
abundances vary between conifer species and cannot be used to directly compare the three
samples. This is why the peak area ratios between the terpene peak areas in each sample
distillate and the corresponding external standard peak area are determined. With these
ratios and the calibration curves shown in Figure 12, the terpene content in each sample
distillate can be put in terms of µL/ 500 mL of distillate.

Figure 9: Balsam Fir Sample Chromatogram–with labeled terpene and external standard peaks
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Figure 10: Northern White Cedar Sample Chromatogram–with labeled terpene and external standard peaks

Figure 11: Red Spruce Sample Chromatogram–with labeled terpene and external standard peaks
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Figure 12: Terpene Calibration Curves– individual calibration curves found in Appendix C

The final terpene concentrations per distillate sample are shown below with the
exclusion of white pine and the monoterpene p-cymene due to their inconclusive
experimental results (Table 5). The terpenes α –pinene and 3-carene were not detected in
the northern white cedar distillate sample while (-)-camphor and (-)-α-thujone were
detected only in the northern white cedar sample. In the northern white cedar sample, there
was a (-)-α-thujone concentration of 550.8 µg/mL. The terpene (+)-camphene had a
concentration of 777.0 µg/mL in the balsam fir distillate sample and 661.7 µg/mL in the
red spruce distillate sample, respectively. The range of terpene concentrations across all
sample distillates was 1.7 µg/mL –777.0 µg/mL. The lowest terpene concentration (1.7
µg/mL) was 3- carene in the red spruce sample distillate and the highest terpene
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concentration (777.0 µg/mL) was (+)-camphene in the northern white cedar sample
distillate.

Table 5: Terpene Concentration per Sample Distillate
!𝒈

Terpene Concentration (𝒎𝑳)
Terpene

Balsam Fir

N.W. Cedar

Red Spruce

α -Pinene

117.9

–

73.4

3-carene

156.0

–

1.7

(-)-bornyl acetate

216.4

28.7

326.6

(1S)-(-)-β-pinene

550.9

10.7

6.6

(S)-(-)-limonene

124.9

3.4

14.5

(+)-camphene

777.0

2.9

661.7

(-)-camphor

–

38.0

–

(-)-α-thujone

–

550.8

–
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DISCUSSION
This project determined that terpenes extracted by steam distillation from the
foliage of balsam fir, northern white cedar, red spruce, and white pine do not alter the
feeding behavior of BTM larvae. Although the data supports there is no statistically
measureable effect of conifer terpene application on the feeding habits of BTM larvae in
this experiment, there are a number of factors that should be taken into consideration before
drawing conclusions about this interaction. For example, there was a high level of
variability with some of the treatments - the four pine treatment replicates had a range of
0.118 g to 5.763 g total leaf mass eaten per larva depending on the nest (Table 4). Based
on time constraints, only four replicates for each treatment were prepared, but repeating
this experiment using ten or twenty replicates could reduce variability in order to better
determine whether a significant trend exists.
There is also a chance that the concentration of conifer terpene distillates produced
for this experiment were too low to have a significant effect on BTM larval feeding habits.
Although it is known that terpenes are successful plant defenses against herbivory (Erler
& Cetin, 2009), research has shown that different concentrations can result in different
levels of efficacy (Erler et al., 2006). The conifer distillates were water-based having only
gone through the process of simple steam distillation, the most common method for
collecting monoterpenes, rather than using a Deryng distillation apparatus, which has been
shown to be more effective in retaining monoterpenes (Baj et al., 2015). A study comparing
CO2 extraction and steam distillation of spruce, fir, and pine volatile terpenes also
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discussed the relative inefficiency of steam distillation in extracting monoterpenes from
conifer species (Bertaud et al., 2017).
The samples produced for this experiment were determined to have very low
concentrations of terpenes relative to the total sample distillate. This indicates that the
terpenes may have been too low in concentration to create an impact on BTM larval
feeding. The observed difference in needle length between the four species and the impact
this had on the distillation mixture consistency could have affected the efficacy of terpene
extraction and in turn the terpene content within each sample distillate. It is also possible
that the terpenes present had vaporized off of the leaf after applying the distillates due to
the high volatility of conifer monoterpenes (Kesselmeier & Staudt, 1999). Perhaps this
issue could be remedied by reapplying the distillate to the food source every couple of
hours. However, this would not be ideal as it would involve the disruption of larval feeding
during experimental observation. Another solution could be to use a more highly
concentrated terpene distillate or an oil-based terpene solution rather than a water-based
distillate. The efficacy of plant terpene as an insecticide is often rooted in the fact that it is
oil-based (Erler et al., 2006). This is because, unlike water-based solutions, oils are able to
penetrate the waxy cuticle of insects allowing the toxic terpenes to penetrate and kill them
(Sampson et al., 2005). The sample distillates were water-based and were applied to the
larval food source rather than directly onto the larva. If this project were to be repeated,
using a Deryng apparatus would likely yield more highly concentrated distillates to use as
feeding inhibitors (Baj et al., 2015)
If conifer terpenes do not impact the feeding of BTM, there are other potential
explanations as to why a hardwood tree surrounded by a damaged balsam fir would not be
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inhabited by BTM. The monoterpenes and terpenoids may not be detrimental to BTM
larvae, but could instead mask the smell of the pheromones that female BTM send off to
attract a mate. (Khrimian et al., 2008). Male BTM are sensitive to VOCs because they rely
on their senses to locate a female by following her pheromones (Khrimian et al., 2008). If
there is a damaged balsam fir near a suitable host, then it is possible the female will not
choose that tree, or if she does, then maybe a mate will not be able to track her pheromones.
After five days of observation, the feeding in all treatments basically stopped. Since
the control group also stopped feeding, this cannot be caused by the terpene application.
The nests were collected in September and according to past studies this is right around the
time the BTM larvae are going through their third molt and preparing for diapause
(Schaefer, 1974). There is the potential that these nests were collected just prior to the
initiation of their winter dormancy. This would mean that feeding halted because they had
begun diapause and no longer required a food source. In the future, collecting the nests a
few weeks sooner could invite a longer observation period by increasing the number of
active feeding days. Collecting egg masses instead of nests would also allow more control
over BTM feeding, but would be much more difficult to find in the field compared to the
nests on branch tips.
Other factors also may have affected the outcome of the feeding experiments. The
laboratory environment was much warmer and exposed the nests to less direct sunlight and
gentler climatic conditions than if they had remained outside. Perhaps the change in feeding
was the result of an artificial environment that led to behavior BTM would not otherwise
exhibit. Although not much research has been done regarding the effect of temperature and
light exposure on BTM feeding and diapause initiation, there have been studies conducted
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on overwintering bees and their reactions to varying ambient temperature and
photoperiods. It was concluded that these hibernating honey bee colonies are sensitive to
climatic changes, and that the alteration of these conditions could impact when they
produce their next generation (brood) (Nurnberger et al., 2018).
In general, the terpene compositions, which were quite distinctive for the different
species, were consistent with what is known from the literature with the exception of the
white pine terpene analysis. It is not clear why the GC-MS analysis results of the white
pine distillate indicate there were not significant concentrations of terpenes within the
sample distillate. For discussion purposes, the white pine treatment can be considered as
another control treatment seeing as the sample did not produce a distillate containing
quantifiable levels of terpenes. Balsam fir, red spruce, and white pine are all members of
the Pinaceae family while northern white cedar is a member of the Cupressaceae family.
The monoterpenes α and β thujone are the most abundant monoterpenes present in
members of the Cupressaceae family, specifically northern white cedar, as well as the
monoterpene camphor (Szołyga et al., 2014). This explains why α thujone and camphor
were only detected in the northern white cedar sample.
Another interesting trend revealed in this study was that the white pine treatment,
considered as a control, yielded more feeding on average than all other treatments and a
one day longer feeding period. The white pine replicates were randomly assigned, but did
end up with the first, second, and fifth most populated nests among all the treatments (Table
3). This experiment focused on the feeding of entire nests rather than the feeding of
individual larvae because BTM larvae are known to have community-dependent feeding
habits as young larvae (Frago et al., 2009). Future research could instead focus on the
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bioassay of individual larvae and how their feeding habits are impacted based on the size
of their nest. The correlation between abundance of BTM larvae in the nest and the average
leaf mass eaten per larvae (Fig. 7) indicates a density-dependent feeding habit of BTM.
This means that the more larvae present in a nest, the more leaf mass each individual larva
will eat. This trait could be a key factor in the current BTM outbreak and the outbreak that
took place when the species was first introduced in the 1900’s. For example, if there is a
single nest with a population of 400 caterpillars, that nest could result in more tree
defoliation than a tree that has two nests, each with a population of 200 caterpillars.
Research has shown that more food consumption at juvenile stages can result in a higher
number of eggs laid by adult female insects (Zheng et al., 1993), which could further fuel
an outbreak population.
The results of this research project indicate that distillates from balsam fir, northern
white cedar, and red spruce, at the concentrations studied, do not have a significant effect
on the feeding habits of BTM larvae. This could be for multiple reasons. These results
could be due to the conifer terpenes not being a harmful substance to the BTM larvae.
However, this seems unlikely when considering past research regarding the effects of plant
terpenes. Therefore, the more likely reason is that the terpene concentrations of the sample
distillates were too low or the application technique was ineffective. It was also determined
that there is a significant positive correlation between BTM larval nest population and the
total mass individual larvae consume. If this correlation remains true with the replication
of this experiment, or other experiments exploring this correlation, then it would support
the hypothesis that the BTM species has a density-dependent feeding habit contributing to
the pace of their spread and the rise in their population numbers.
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APPENDIX A
Sample Calculations
I. Calculation for Leaf Mass Eaten per Caterpillar
Equation to determine mass (mg) eaten per caterpillar per nest:

𝑠𝑡𝑎𝑟𝑡 𝑙𝑒𝑎𝑓 𝑚𝑎𝑠𝑠 (𝑚𝑔) × .

𝑡𝑜𝑡𝑎𝑙 𝑙𝑒𝑎𝑓 𝑒𝑎𝑡𝑒𝑛(%)
4 ÷ 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑎𝑟𝑣𝑎𝑒 𝑖𝑛 𝑛𝑒𝑠𝑡
100%

Example using replicate 2 of balsam fir treatment:

.1.26 𝑔 ×

1000 𝑚𝑔
55%
4×.
4 ÷ 287 𝑙𝑎𝑟𝑣𝑎𝑒 = 2.415 𝑚𝑔/𝑙𝑎𝑟𝑣𝑎𝑒
1𝑔
100%

II. Calculations for Stock Solutions
i) Equation to determine volume (mL) of terpene needed to achieve desired
terpene concentration in stock solution:

final stock volume (mL) × 𝑑𝑒𝑠𝑖𝑟𝑒𝑑 𝑡𝑒𝑟𝑝𝑒𝑛𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (
÷ 𝑡𝑒𝑟𝑝𝑒𝑛𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 .

µg
)
𝑚𝐿

µg
4
µL

Example using (S)-(-)-limonene:
1000µg
0.844 𝑔
1 𝑚𝐿
1 × 10% µg
100 𝑚𝐿 ×
÷ Y
×
×
Z = 118.5 𝑚𝐿
1 𝑚𝐿
1 𝑚𝐿
1000 µL
1𝑔
ii) Equation to determine actual concentration of terpene in each starting stock
solution:
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A micropipette that measure volume in multiples of 5 µL was used to create the
stock solution. Because of this the actual volume of (S)-(-)-limonene added was 120 µL
and to create the calibration curve the exact terpene concentrations were calculated.
𝐸𝑥𝑎𝑐𝑡 𝑣𝑜𝑙𝑢𝑚𝑒 𝑜𝑓 𝑡𝑒𝑟𝑝𝑒𝑛𝑒 𝑎𝑑𝑑𝑒𝑑 (𝑚𝐿)
µg
÷ final stock volume (µL) × 𝑡𝑒𝑟𝑝𝑒𝑛𝑒 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 . 4
µL
Example using (S)-(-)-limonene:
120 𝑚𝐿 ÷ .100 mL ×
= 1012.8

1000µg
0.844 𝑔
1 𝑚𝐿
1 × 10% µg
4 × Y
×
×
Z
1 𝑚𝐿
1 𝑚𝐿
1000 µL
1𝑔
µg
µL

iii) Concentrations of terpene in each stock solution dilutions:
Using the actual concentration of the terpene in the starting stock solution the
succeeding
dilutions were calculated
1st Dilution: 𝑠𝑡𝑜𝑐𝑘 𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 𝑡𝑒𝑟𝑝𝑒𝑛𝑒 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 × 0.5
𝐷𝑖𝑙𝑢𝑡𝑖𝑜𝑛 2 = 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 1 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 × 0.5
This was repeated for a total of 9 solutions: the starting stock solution and 8
dilutions.
Example using (S)-(-)-limonene:
!&

!&

!&

!&

1st Dilution: 1012.8 !' × 0.5 = 506.4 !'
2nd Dilution: 506.4 !' × 0.5 = 253.2 !'
III. Calculations for peak area ratio
Equation to determine peak area ratios:
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𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑡𝑒𝑟𝑝𝑒𝑛𝑒 𝑖𝑛 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑥
𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑
Example using (S)-(-)-limonene in undiluted stock solution:
1362761218
= 4.848
281086771
IV. Calculations for determining concentration of terpene in sample distillate
Using the trend-line equation for the terpene calibration curve the concentration
of the terpene in the sample distillate can be determined.
Equation to determine concentration of terpene in sample distillate:
𝑃𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑡𝑒𝑟𝑝𝑒𝑛𝑒 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒
𝑝𝑒𝑎𝑘 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑒𝑥𝑡𝑒𝑟𝑛𝑎𝑙 𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒
µg
= 𝑚 a𝑡𝑒𝑟𝑝𝑒𝑛𝑒 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒 b cd) + 𝑏
𝑚𝐿
Example using (S)-(-)-limonene in balsam fir sample distillate (Figure 20):
213131561
µg
= b0.0047 alimonene 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒 b cdc + 0.0148 →
354126892
𝑚𝐿
!&

[limonene 𝑖𝑛 𝑠𝑎𝑚𝑝𝑙𝑒 𝑑𝑖𝑠𝑡𝑖𝑙𝑙𝑎𝑡𝑒] = 124.5
!'
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APPENDIX B
Molecular Structures and Chromatograms of Solvent and External Standard
Solvent: hexane

Figure 13: Chromatogram of Pure Hexanes– with labeled peak of about 40,000 relative abundance at about
37.5 minutes
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External Standard: α -humulene

Figure 14: Chromatogram of α -Humulene Dissolved in Hexanes– with labeled peak of about 1x107 relative
abundance at about 22.1 minutes
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APPENDIX C
Molecular Structures and Calibration Curves of Terpenes
(-)-bornyl acetate

O
O

Figure 15: Calibration Curve of (-)-Bornyl Acetate– with trend line equation and R2 value
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(+)-camphene

Figure 16: Calibration Curve of (+)-Camphene– with trend line equation and R2 value
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(-)-camphor

O

Figure 17: Calibration Curve of (-)-Camphor– with trend line equation and R2 value
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3-carene

Figure 18: Calibration Curve of 3-Carene – with trend line equation and R2 value.
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p-cymene

Figure
19: Calibration Curve of p-Cymene– with trend line equation and R2 value
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(S)-(-)-limonene

Figure 20: Calibration Curve of (S)-(-)-Limonene– with trend line equation and R2 value
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(-)-α-pinene

Figure 21: Calibration Curve of (-)-α-Pinene– with trend line equation and R2 value
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(1S)- (-)-β-pinene

Figure 22: Calibration Curve of (+)-Camphene– with trend line equation and R2 value

47

(-)-α-thujone

O

Figure 23: Calibration Curve of (-)-α-Thujone– with trend line equation and R2 value
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